We have analyzed both the total ganglioside composition and the surface accessibility of C3H/HeN B lymphocytes and C3H/HeJ B lymphocytes. Seventeen individual resorcinol-positive moieties were visualized by two-dimensional thin-layer chromatography of the purified gangliosides from both strains. Complete homology between strains was seen in the patterns of total gangliosides purified from the endotoxin-responsive and -hyporesponsive strains, with only minor differences in the relative concentrations of four gangliosides. In comparison, only 12 individual gangliosides were accessible to surface labeling following galactose oxidase treatment in these same strains, suggesting that some gangliosides are masked at the cell surface in both strains. However, labeling of the more polar components was greatly reduced in the endotoxin-hyporesponsive (C3H/HeJ) strain, suggesting that these gangliosides have decreased accessibility to galactose oxidase at the cell surface. Therefore, while the total ganglioside compositions of the two strains were nearly equivalent, there were dramatic differences in ganglioside surface accessibility. These findings indicate that an alteration in membrane structure that is associated with the endotoxin hyporesponsiveness observed in C3H/HeJ B lymphocytes exists.
We have analyzed both the total ganglioside composition and the surface accessibility of C3H/HeN B lymphocytes and C3H/HeJ B lymphocytes. Seventeen individual resorcinol-positive moieties were visualized by two-dimensional thin-layer chromatography of the purified gangliosides from both strains. Complete homology between strains was seen in the patterns of total gangliosides purified from the endotoxin-responsive and -hyporesponsive strains, with only minor differences in the relative concentrations of four gangliosides. In comparison, only 12 individual gangliosides were accessible to surface labeling following galactose oxidase treatment in these same strains, suggesting that some gangliosides are masked at the cell surface in both strains. However, labeling of the more polar components was greatly reduced in the endotoxin-hyporesponsive (C3H/HeJ) strain, suggesting that these gangliosides have decreased accessibility to galactose oxidase at the cell surface. Therefore, while the total ganglioside compositions of the two strains were nearly equivalent, there were dramatic differences in ganglioside surface accessibility. These findings indicate that an alteration in membrane structure that is associated with the endotoxin hyporesponsiveness observed in C3H/HeJ B lymphocytes exists.
Studies on the cellular and molecular mechanisms of activity of bacterial endotoxins have been facilitated by the existence of genetically hyporesponsive murine strains. In 1968, Sultzer (28) determined that the C3H/HeJ strain was defective with respect to certain physiologic and pathologic responses to endotoxins. Since that time, a vast amount of investigation has helped unravel the genetic basis of hyporesponsiveness to endotoxins (22, 24) . The Lps gene has been mapped to a single locus on chromosome 4. The product of this locus has remained undefined. Several years ago, Jakobovits et al. (15) were able to reconstitute endotoxin responsiveness in C3H/HeJ B lymphocytes by fusing them with liposomes containing membrane extracts from syngeneic endotoxin-responsive B lymphocytes. Kuus-Reichel and Ulevitch (17) also obtained partial restoration of endotoxin responsiveness in C3H/HeJ B cells by treating the cells with the proteolytic enzyme trypsin. A recent study (11) has shown that certain rough chemotypes of lipopolysaccharide (LPS) have the ability to elicit responses from C3H/HeJ B lymphocytes. Taken together, these data suggest that the endotoxin-triggering mechanism is intact but may be occluded in the plasma membrane of C3H/HeJ cells.
Gangliosides are sialic acid-containing glycosphingolipids which are located predominantly in the plasma membrane of eucaryotic cells. These amphipathic molecules are anchored in the lipid bilayer by their hydrophobic ceramide group, while oligosaccharide-sialic acid extends toward the external environment. Although glycoproteins usually represent the high-affinity receptors for lymphocyte stimulation, gangliosides have been shown to represent receptors or components of receptor complexes in a variety of ligand-membrane interactions (16) . Several bacterial toxins, certain cytokines, viruses, and hormones have been shown to bind to gangliosides (31 ganglioside fraction could abrogate B-cell tolerance at levels which had no effect on the induction of antibody synthesis. Also, gangliosides shed by antigen-stimulated T cells inhibited certain B-cell functions (5) . The accumulated evidence suggests that B-cell membrane gangliosides may serve as part of a receptor complex or triggering mechanism for immunoregulatory substances in B lymphocytes.
Chaby et al. (4) studied the lipids of isolated B lymphocytes from normal and C3H/HeJ mice. They examined the ability of B-cell gangliosides from both strains to react with galactose oxidase and reported that one of five gangliosides present in the LPS-responsive B-cell population was not detectable in the C3H/HeJ strain. There was a concomitant increase in another ganglioside in the C3H/HeJ strain. It was suggested that the loss of a specific ganglioside might be related to the lack of a response to endotoxin. The total ganglioside content and resorcinol-positive thin-layer chromatography (TLC) patterns were not determined. Thus, it remains to be determined whether there is a true alteration in the amounts of specific gangliosides in the B cells of C3H/ HeJ mice or whether these B-cell gangliosides have an altered surface accessibility to galactose oxidase. We have therefore compared the total ganglioside patterns and galactose oxidase-susceptible ganglioside patterns of B cells from LPS-hyporesponsive C3H/HeJ mice with the corresponding patterns of B cells from the LPS-responsive C3H/HeN congenic strain of mice to investigate further whether an alteration in the amounts or surface accessibility of specific gangliosides may be involved in the expression of the Lps gene. (40) .
MATERIALS AND METHODS

Animals
Individual ganglioside quantification and ganglioside pattern analyses were done with a two-dimensional chromatographic analysis system (Microscan 1000) as previously described for other ganglioside preparations (2, 38 TLC analysis of B-cell ganglioside patterns. Two-dimensional TLC of B-cell gangliosides is shown in Fig. 1 . Seventeen separate resorcinol-positive spots were defined. A comparison of the chromatographic mobilities of B-cell gangliosides with those of brain ganglioside standards indicated that B-cell gangliosides 6 and 13 comigrated with the brain gangliosides GD1a and GM,, respectively. The observation that most of the B-cell gangliosides did not comigrate with the brain gangliosides is consistent with the presence of N-glycolylneuraminic acid, which is not found in significant amounts in mammalian brain gangliosides (40) .
Visual examination of the resorcinol-stained chromatograms indicated little difference between B-cell ganglioside patterns derived from strains C3H/HeN and C3H/HeJ. No gangliosides appeared in one strain but not the other. This observation was supported by pattern comparison analyses, which indicated complete homology between the strains (Table 1) . Shifts in intensity (Table 1) were noted between strains for gangliosides 1, 3, 10, and 12. The relative percentages of gangliosides 1, 10, and 12 were higher in C3H/ HeJ B cells than in C3H/HeN B cells, whereas the percentage of ganglioside 3 was lower. The greatest and probably only significant difference was seen for ganglioside 3, which represented less than 30% of the ganglioside sialic acid content of B cells in C3H/HeJ mice but 45% of that of B cells in C3H/HeN mice. Together, these four gangliosides (1, 3, 10, and 12) represented over 65% of the B-cell ganglioside sialic acid content for both strains. Differences were not noted for any other specific gangliosides, whether the distribution was examined by relative percentages or normalized to the value for ganglioside 11 (normalized values not shown).
Autoradiographic analysis of surface-labeled B-cell gangliosides. When C3H/HeN and C3H/HeJ B-cell gangliosides were examined for in situ susceptibility to surface labeling by galactose oxidase, profound quantitative differences were noted in most of the gangliosides detected (Fig. 2) . Twelve individual gangliosides were labeled. Thus, at least five gangliosides were either totally inaccessible to the enzyme or unable to react with galactose oxidase. Quantitative densitometric analysis of the autoradiographs indicated intensity shifts in virtually all of the susceptible gangliosides ( Table 2 ). The most profound differences between labeled C3H/HeN and C3H/HeJ B cells were in gangliosides 2, 3, 4, 6, and 10. Radiolabel in more slowly moving gangliosides was greatly decreased in C3H/HeJ samples as compared with C3H/HeN samples and, in a duplicate experiment, was nearly absent.
Comparisons between the autoradiographs and the TLC patterns were also made. Spots numbered 1, 2, 5, and 7 on the autoradiographs corresponded to ganglioside spots 1, 3, 9, and 11, respectively, on the thin-layer chromatograms (Fig. 1) . Matching of other 3H-labeled moieties to resorcinolpositive spots had a high degree of uncertainty.
3H-labeled gangliosides were prepared from BALB/c B cells and C3H/HeN B cells in separate experiments. Densitometric analysis of the two-dimensional autoradiographic sible gangliosides with slower mobilities than did the C3H/ HeJ strain, with the BALB/c strain showing the highest percentage in one slow-moving ganglioside (ganglioside 2). This distributional shift was emphasized when the data were normalized to the intensity for ganglioside 7 ( Table 2 ). The profound quantitative labeling differences between C3H/HeN and C3H/HeJ B-cell gangliosides were not mirrored in the total ganglioside patterns visualized by resorcinol. Indeed, the resorcinol-positive density of ganglioside 1 was greater in C3H/HeJ B cells than in C3H/HeN B cells, while the opposite was true in the autoradiograph. Thus, membrane gangliosides from C3H/HeJ B lymphocytes and C3H/HeN B lymphocytes react differently with galactose oxidase.
DISCUSSION
Gangliosides have been implicated as receptors for many immunomodulatory substances, including lymphokines (21), interferons (3, 33) viruses (14, 29) , toxins (10), and glycoprotein hormones (16) . Recently, Spiegel and Fishman (26) showed that gangliosides have a bimodal function by serving as receptors for signals which can either stimulate or inhibit cell growth. Chaby et al. (4) used galactose oxidase to probe the surface of B lymphocytes and reported that the B cells isolated from C3H/HeJ mice contained one less susceptible ganglioside than did the B cells isolated from a normal strain of mice. Using a similar antibody-panning technique (36), we confirmed the altered surface accessibility of C3H/HeJ Bcell gangliosides as compared with that of congenic C3H/ HeN B-cell gangliosides. Autoradiographic density shifts were seen in nearly all of the labeled gangliosides from C3H/HeJ B cells, as compared with those from C3H/HeN B cells. This result is strikingly different from that of Chaby et al. (4) . The difference may be partly due to our use of hypersensitized film (25) , which permitted a more detailed analysis of the minor gangliosides. In addition, the different solvent system that we used for two-dimensional TLC analysis may account for some of the disparity. We ganglioside missing but noted quantitative differences in both major and minor gangliosides between the two congenic strains.
The total ganglioside content and distribution in C3H/HeN and C3H/HeJ B cells were very similar and did not mirror the ganglioside content determined by accessibility to galactose oxidase. This result is not surprising, as it is known from the exogenous neuraminidase studies of Barton and Rosenberg (1) that gangliosides of many cell types are not readily accessible to large molecules. Furthermore, Stein et al. (27) previously noted the presence on murine B cells of glycolipids that are masked to glycolipid antibodies but can VOL. 58, 1990 ...... Fig. 2 . bAs indicated in Materials and Methods, the expression of quantitative data on relative percentages is influenced by cumulative differences on the chromatograms. Therefore, the density distribution is also reported normalized to ganglioside 7, which appeared similar in all the autoradiographs (numbers in parentheses).
' Although spot 9 of each autoradiograph was matched by the densitometer as a homologous peak, small differences in the mobilities of the spots were noted (Fig. 2 (11) . These chemotypes may be inserted into the membrane to trigger a response because of their hydrophobic properties. An interaction with an occluded ganglioside is one possible event that may be required for effective signal transduction. There was very little correlation between spot intensities measured by resorcinol staining and autoradiography. Since there were five fewer spots on the autoradiograph than on the TLC plate, several gangliosides appeared not to be accessible to galactose oxidase. Whether these were the same five gangliosides in both strains cannot be determined with certainty. It is clear, however, that the autographs showed major quantitative differences in the surface expression of gangliosides in the endotoxin-responsive and congenic endotoxin-hyporesponsive mice but not in two genetically different endotoxin-responsive strains (C3H/HeN and BALB/c); i.e., the two normal strains had a similar surface expression of gangliosides. The alteration in membrane architecture reflected in these data may relate to the phenomenon of endotoxin hyporesponsiveness in the C3H/HeJ strain.
One ganglioside (ganglioside 1) on both the TLC plate and the autoradiograph was more concentrated in C3H/HeJ B cells than in C3H/HeN B cells (14 versus 8%) but appeared less accessible (8 versus 13%) by enzyme labeling. No individual ganglioside in either autoradiograph pattern represented more than 20% of the total ganglioside content, while ganglioside 3 represented 45% of the total ganglioside content on the C3H/HeN TLC plate. Thus, it is evident from these data that there is no loss of a major ganglioside to explain the endotoxin hyporesponsiveness in C3H/HeJ mice. There is, however, profoundly altered surface expres- (38) . In both cases, there was a significant decrease in NeuAc in the C3H/HeJ cells. In our earlier report on murine macrophage gangliosides, the difference in sialic acid composition was less pronounced, but we found smaller amounts of NeuAc in resting macrophages than in lymphocyte populations (37, 39) . One explanation for the difference in sialic acid composition between the two strains may be relative alterations in quantities of specific NeuAccontaining gangliosides. More detailed structural analyses are needed to assign structures to each of the major gangliosides in both macrophages and lymphocytes.
The biochemical basis of the C3H/HeJ B-cell hyporesponsiveness to LPS has been postulated to be due to the lack of an LPS receptor in the plasma membrane (6) ; others have failed to find such a receptor (34) . Several (13, 32) have found different proteins which bind endotoxin, but it is not yet clear which of these are functionally significant.
Since LPS is a natural detergent, this amphipathic molecule, upon insertion into the plasma membrane, perturbs the endogenous lipids. The effect of such an insertion depends not only on the amphipathic nature of the endotoxin but also on the composition and surface accessibility of the natural lipids. Support for the critical importance of the interaction of LPS with the plasma membrane has come from recent studies with liposomal lipid A. As compared with free lipid A, liposomal lipid A has profoundly decreased activity in eliciting interleukin-1 and tumor necrosis factor from murine macrophages (8, 9) . These data are consistent with the need for LPS to interact directly with the plasma membrane to activate the transduction of a signal across the membrane.
Our recent preliminary studies of the structure of murine macrophage gangliosides (7) have shown that most of the gangliosides have a gangliotetraose structure. Thus, most of the gangliosides should be susceptible to galactose oxidase, and the inability to label significant moieties is more likely related to accessibility than to lack of reactivity. This theory, of course, requires formal proof, since murine B lymphocytes may contain structurally distinct gangliosides.
The accessibility of specific lymphocyte gangliosides to LPS is at this time unknown. We have begun using an affinity-labeled, photoactivatable LPS derivative (35) which allows radioactive tagging of molecules in contact with the LPS derivative. These studies may help verify whether gangliosides play a role in the transduction of LPS-mediated responses.
These data show that there are profound differences in membrane architecture between C3H/HeN and C3H/HeJ B lymphocytes, as reflected in surface-accessible gangliosides. This result is emphasized by the data for the genetically distinct but normal BALB/c B lymphocytes, whose ganglioside surface accessibility was similar to that of the C3H/HeN B lymphocytes. The biochemical cause of this altered architecture is not clear but may be related to the defect associated with the Lps gene. A fundamental alteration in membrane structure would be consistent with all of the data on LPS hyporesponsiveness in C3H/HeJ mice. Further investigation of glycolipid and sialic acid metabolism in this strain is needed to determine whether the altered ganglioside accessibility is directly related to the LPS hyporesponsiveness or whether it is an additional consequence of the Lps gene defect.
